The measurements of R K ( * ) = B(B → K ( * ) µ + µ − )/B(B → K ( * ) e + e − ) in recent years have hinted the lepton flavour non-universality and thus drawn widespread attentions. If these anomalies are induced by new physics (NP), deviations from the SM predictions may also be found in other channels via the same process at the quark level. In this work, we study in B → K 1 (1270, 1400)µ + µ − decays the effects of two popular classes of NP models which can address the b → s anomalies, i.e. the leptoquark models and the Z models, as well as the model-independent scenarios. By assuming that NP only affects the b → sµ + µ − transition, we find that the unpolarized and polarized R K (L,T ) 1 (1270) are useful to distinguish among the NP models (scenarios) and the SM because they are sensitive to the NP effects and insensitive to the K 1 mixing angle θ K 1 , while the R K
(L,T ) 1 (1270) are useful to distinguish among the NP models (scenarios) and the SM because they are sensitive to the NP effects and insensitive to the K 1 mixing angle θ K 1 , while the R K
Introduction
In the past several years, several anomalies in B physics [1] have been hotly discussed in the high-energy physics community since these measurements are hints of new physics beyond the Standard Model (SM) or more precisely, the lepton flavor universality violation (LFUV). The BaBar Collaboration [2, 3] .
The main advantage of considering such a ratio is that it cancels exactly the Cabibbo-KobayashiMaskawa matrix (CKM) elements and the uncertainties due to the transition form factors are also partially but largely cancelled. Later on Belle [4] [5] [6] and LHCb [7] [8] [9] [10] 
The difference between the SM predictions [12] [13] [14] [15] [16] [17] [18] and experimental values is approximately 3 − 4σ and thus gives a hint of NP. Apart from the tree-level charged current semileptonic B decays, the loop-level rare B decays mediated by the flavor-changing neutral current (FCNC) transition b → s + − also give hints of the lepton non-universality. Such measurements include the lepton flavour universality (LFU) ratios
and the values reported by LHCb in different bins are [19, 20] 
of which the tensions with the SM predictions are respectively 2.6σ, 2.1 − 2.3σ and 2.6σ [21] . These ratios have theoretical uncertainties that are almost canceled (less than 1% [22] ), making them very clean probe of NP/LFUV. Although in principal NP is possible to affect both b → se + e − and b → sµ + µ − , many existing studies [23] [24] [25] [26] [27] [28] [29] have been based on the assumption that there is only NP in b → sµ + µ − because several other deviations from the SM in b → sµ + µ − have been observed [30] [31] [32] and the measured branching fraction of B → Ke + e − is consistent with the SM prediction.
Among the NP models that can explain the b → sµ + µ − data are leptoquark models [33] [34] [35] [36] [37] [38] [39] [40] [41] and Z models [42] [43] [44] [45] [46] [47] . In the language of the effective field theory, these NP models can modify the Wilson coefficients so that the effective Hamiltonian fulfills one of the three possible modelindependent NP scenarios that can address the b → sµ + µ − data [28] . If these NP models or model-independent explanations depict the NP in b → sµ + µ − at the quark level, one naturally expects to observe similar anomalies in other rare decays such as B → K 1 µ + µ − . In this work, we extent the study of the NP in b → sµ + µ − to axial-vector final state mesons, i.e. the K 1 states, which should be useful to test the existing model-independent and model explanations of the b → sµ + µ − anomalies. In this context B → K 1 (1270, 1400) + − decays are prosperous in phenomenology [48] [49] [50] [51] [52] [53] [54] [55] as the physical states K 1 (1270) and K 1 (1400) are mixture of 3 P 1 and 1 P 1 states K 1A and K 1B :
The mixing angle θ K 1 has not been precisely determined, and its was estimated to be −(34±13)
• from the decay B → K 1 (1270)γ and τ → K 1 (1270)ν τ [48] . Therefore in this work we consider different possibilities for θ K 1 . It has been found in articles and also by our independent study that the observables like the branching ratio, the different polarization and angular observables and also the LFU ratios for semileptonic B meson decays are greatly influenced in different NP models. However predictions for many of these observables can have large theoretical uncertainties, which makes it more involved to distinguish NP. Hence in this work we mainly concentrate on the LFU ratios R K 1 , for both unpolarized and polarized K 1 final states. Numerically we use the Wilson coefficients and the NP parameters in Z and leptoquark models obtained from the fits to the b → sµ + µ − data (including the branching fractions and the angular observables for B → K * µ + µ − and B s → φ * µ + µ − as well as the R K ( * ) ) in [23] to provide with predictions for the LFU ratios, which can be tested by future experiments to dig out the status of NP/LFUV. Since some of the obtained ratios are sensitive to θ K 1 , as a complementary study of NP we also perform an analysis of the ratio
that has been found to be insensitive to the NP effects from a single NP operator [49] , which could be useful to determine the mixing angle.
The organization of paper is as follows. In Sec. 2 we present the theoretical formalism in the language of the effective field theory, including giving a brief review of the model-independent NP scenarios, the leptoquark models and the Z models. In Sec. 3 and Sec. 4, we respectively describe the hadronic form factors adopted in this work and the physical observables. In Sec.5, we present our predictions for different unpolarized and polarized ratios. At last in Sec. 5 we give our summary and conclusions.
Theoretical Tool Kit
In this section we briefly discuss the theoretical setup and new physics models to analyze the physical observables in B 0 d → K 1 (1270, 1400)µ + µ − decays, more precisely we focus our attention on lepton flavor universality parameters for both polarized and unpolarized final state axial vector meson K 1 (1270, 1400).
The basic ingredient to do phenomenology in rare decays is the effective Hamiltonian, which for the b → sµ + µ − process at the quark level can be written as
The effective Hamiltonian given in Eq. (7) contains the four quark and electromagnetic operators O i , and C i (µ) are their corresponding Wilson coefficients. G F is the Fermi coupling constant, and V tb and V * ts are the CKM matrix elements. The effective operators that contributes both in SM and in NP are summarized as follows
The primed operators given in Eq. (7) are obtained by replacing left-handed fields (L) with right-handed (R) ones. In this work we only consider those scenarios of NP where the operator basis remains the same as that of SM but the Wilson coefficients get modified. In the next subsection we give a brief review of different NP-scenarios [23, 24, 28] which will be used to analyze the physical observables of Rare B → K 1 (1270, 1400)µ + µ − decay.
New Physics Scenarios
From the model-independent analysis performed in Ref. [28] , only the following three NP scenarios for b → sµ + µ − are allowed by the experimental data assuming real Wilson coefficients:
Both scenarios (I) and (II) takes part to investigate the status of NP. However the scenario III is rejected because it predicts R K = 1 and it disagrees with the experiment. The simplest possible NP models involve the tree-level exchange of leptoquark(LQ) or Z boson. It was shown in Ref. [23] that scenario II can arise in LQ or Z -models, but scenario I is only possible with a Z . The details containing LQ's and Z are given in references [33, [56] [57] [58] [59] [60] .
Review of the fitting results for the NP Wilson coefficients 2.2.1 Model-independent scenarios
In this work we use the Wilson coefficients fitted in [23] to make predictions for the unpolarized and polarized ratios R (L,T ) (K 1 ). Following the terms in [23] , fit-A was obtained using only CP -conserving b → sµ + µ − observables and fit-B using both the CP-conserving observables and R ( * ) K . The NP in both fit A and fit B can be accommodated with the Wilson coefficients (WC's) C µµ 9 (NP) and C µµ 10 (NP) and the numerical values of these WC's obtained in [23] are depicted in Table 1 . The simplest NP models that can explain the b → sµ + µ − anomalies are the tree-level exchange of a new particle such as a leptoquark (LQ) or a Z boson. The details of the LQ and the Z models were presented in [23, 24] and references therein. However in the next section we briefly discuss those leptoquark and Z models that can explain the b → sµ + µ − data.
Leptoquark models
There are ten versions of leptoquarks that couple to the SM particles through dimension≤ 4 effective operators [34] . Among them, the scalar isotriplet S 3 , the vector isosinglet U 1 and the vector isotriplet U 3 respectively with Y = 1/3, Y = −2/3 and Y = −2/3 can explain the b → sµ + µ − data [17, 24] (and the U 1 can also simultaneously explain the b → c anomalies [61] [62] [63] [64] ). The NP in LQ models can be accommodated via the Wilson coefficients, C µµ 9 (N P ) = −C µµ 10 (N P ). Such type of LQ models fall within the model-independent scenario II given in Eq. (9), thus the best-fit WC's for such LQ models remain the same as those for scenario II presented in Table 1 . In these models LQ's are generated at the tree level and can be written as
where g bµ L and g sµ L are the couplings of the LQ and M LQ is the LQ mass, on which the constraint from the direct search is M LQ > 640 GeV [65] .
Z models
Like the variety of LQ models, there are also different versions of Z models [24, 33, 66] . As discussed in previous sections, the Z models that can explain the b → sµ + µ − anomalies should satisfy the model-independent scenarios I and II. Unlike the leptoquark models which can only be accommodated with scenario II, both I and II can be realized with a Z exchange. To be general, in [23] both the heavy and light Z models were considered. Next we briefly review their results.
(A). Heavy Z For Z models of scenario I and II, by integrating out the heavy Z , the effective Lagrangian can be written in terms of the four-fermion operators as
In Eq.(11) first four-fermion operator is relevant to b → sµ + µ − transitions, the second operator makes contribution to the B 0 s −B 0 s mixing and third operator has effects on the neutrino trident production.
The NP effects in Z models can modify the WC's
Considering the constraints from the B [23] , which are presented in Table 2 and Table 3 .
(B). Light Z A light Z is also possible to address the b → sµ + µ − data. Given the absence of any signature for such a state in the dimuon invariant mass, two typical Z masses, M Z = 10 GeV > m B Table 2 : TeV Z model (scenario I and II); best-fit values of g bs L in fit-A [23] . 
and M Z = 200 MeV < 2m µ can be considered. The corresponding Z models are called the GeV Z model and the MeV Z model, which respectively has intimation for dark matter [67] and nonstandard neutrino interactions [68] . The MeV Z model can also explain the muon g − 2 [68] . For the light Z models, the vertexsbZ takes the following form [23]
where for q 2 << m 2 B , the form factor F (q 2 ) can be expanded as
However the GeV Z model is independent of the form factors, and the vertex factor in this model is a 
where for the GeV Z model the numerical values of the coupling a bs L are given in Table 4 , which are obtained from fits to the b → sµ + µ − data with consideration of the constraint on a 
The exclusive B → K 1 (1270, 1400)µ + µ − decays involve the hadronic matrix elements of quark operators, which can be parameterized in terms of the form factors as
where
The other contributions from the tensor form factors are
The physical states K 1 (1270) and K 1 (1400) are mixed states of K 1A and K 1B with mixing angle θ K defined as
In terms of K 1A and K 1B , the matrix element B → K 1 (1270, 1400) can be parameterized in terms of the form factors as
where the mixing matrix M can be written as
For numerical analysis we use the light-cone QCD sum rule form factors [49]
where T is A, V or F form factors and the subscript i can take a value 0, 1, 2 or 3, and the superscript X denotes the K 1A or K 1B states. Table 5 : B → K 1A,1B form factors [49] , where a and b are the parameters of the form factors in dipole parametrization.
LFU Ratios
and Ratios R µ
In this section we present the formalism for the LFU ratios R K (L,T ) 1 and the ratios R µ , considering unpolarized and polarized (longitudinal and transverse) final state axial-vector mesons K 1 (1270, 1400), and their sensitivity for different NP scenarios (scenario I and scenario II) or NP models (leptoquark models and heavy and light Z models). The definitions of unpolarized and polarized R K 1 are given as follows:
(1270, 1400)e + e − )/dq 2 .
As study of the K 1 mesons involve the mixing angle θ K 1 , we also need the following ratio which can help determine θ K 1 and better understand the NP effects:
To compute the above ratios we need the amplitude for the B → K 1 µ + µ − decays, which can be obtained from the effective Hamiltonian given in Eq. (7):
The matrix element given in Eq. (29) can also be written as
where the form factors and Wilson coefficients are hidden in T µ i which can be expressed as follows:
and
where the auxiliary functions F 1 , ........, F 8 accommodate both the form factors and Wilson coefficients. The explicit expressions for them can be written as follows
and also
Since the final state mesons K 1 (1270) and K 1 (1400) involve the mixing angle θ K , the form factors of K 1 (1270, 1400) in Eqs. (35) and (36) can be written in terms of the form factors of K 1A and K 1B :
Predictions for Unpolarized and Polarized
R (L,T ) K 1 and
R µ
In this section, we give predictions for the unpolarized and polarized LFU ratios R (L,T ) K 1 in the SM and in the NP models under consideration. To obtain the results in the model-independent scenarios, we use the Wilson coefficients given in Table 1 . As mentioned previously, the modelindependent Wilson coefficients in Scenario II can also be achieved in the leptoquark models, therefore the corresponding predictions also represent the results in the leptoquark models. For Z models, we obtain our predictions using the couplings listed in Table 2 -4. We present the results obtained in different NP models and NP scenarios in separate plots, but one will see that the major factor that affects the predictions are the NP scenario I and II rather than the specific NP models which means the plots corresponding to the leptoquark, heavy and light Z models are similar once they fulfill the same NP scenario. This is not surprising because from Table 1 -4 one sees the pull values for the same NP scenario (but in different NP models) are close, which means the leptoquark models and Z models can reproduce or nearly reproduce the model-independent results under current experimental constraints. Furthermore, since the K 1 mixing angle has not been precisely determined, to be more general, we also consider different possibilities of the K 1 mixing angle [48, 49] in our analysis. In Fig. 1 , we have plotted the R K 1 (1270) against the square of the momentum transfer q 2 in the SM and in different NP models. One can see, throughout the whole q 2 region, the impact of the NP on this observable is distinct from the SM value which is ≈ 1. It can also be noticed that the value of R K 1 (1270) at low q 2 region decreases when the value of q 2 increases. However, at high q 2 value approximately above q 2 = 4 GeV 2 the value of R K 1 (1270) does not vary with the value of q
2 . This figure also shows that the variation in the values of R K 1 (1270) due to the different NP models are almost the same. However, the change in the value of R K 1 (1270) because of the SM, scenario I and scenario II are clearly distinguishable, which suggest the precise measurement of R K 1 (1270) in current and future colliders can provide with important probe of the NP effects and as well to test the models with a leptoquark or a Z boson. It would be of particular interest that if scenario I is observed, since it can only be realized in Z models. in the SM, model-independent scenarios, leptoquark, heavy and light Z models. The legends are the same as in Fig. 1 .
Similarly, in Fig. 2 , we have plotted the polarized R K L,T 1 (1270) (i.e. the ratio when K 1 meson is longitudinally or transversely polarized) against the square of the momentum transfer q 2 in the SM and in the different NP models. This figure also show that the NP effects are quite distinguishable. However, the value R K L 1 (1270) does not vary with the variation of q 2 and remains around 0.75 to 0.8 in scenario I and 0.65 to 0.7 in scenario II for all NP models under consideration. While the value of R K T 1 (1270) does vary, at low momentum transfer region, with the variation of the value of q 2 and at around q
Therefore, these polarized observables, particularly the R K T 1 (1270) in low q 2 region, are useful to probe for the imprints of a leptoquark or a Z . For the sake of completeness and complementarity, we would also like to see the influence of NP on the values of R K 1 (1400) since the K 1 (1400) is the axial partner of the K 1 (1270). Before presenting the results for R K 1 (1400) , we need to recall that B(B → K 1 (1400)µ + µ − ) is 1-2 orders of magnitude suppressed as compared with B(B → K 1 (1270)µ + µ − ) (∼ 10 −7 ) due to the mixing [48, 49] , which makes it in principle more difficult to be measured experimentally. However our results in Fig. 3 and 4 show that R K 1 (1400) and R K L,T 1 (1400) may have even more interesting behaviours. In Fig. 3 , one can see that the in low q 2 region, the value of R K 1 (1400) shows more variation with the value of q 2 when θ K 1 = −34 0 and exceed one as well in this region, while for θ K 1 = −45 0 and −57 0 R K 1 (1400) does not show any variation as depicted by bands with dotted and dashed boundary lines in Fig 3. For the polarized ratio R K L,T 1
(1400) , we have shown these results in Fig. 4 . In the case of R K L 1 (1400) , very interestingly, we have found two peaks in its value, nearly at 8 GeV 2 below the J/ψ resonance and at 14.5 GeV 2 . These peaks are actually coming due to the mixing angle: the peak at around q 2 = 7 GeV 2 comes when we set the value of mixing angle −34 0 as denoted by the solid lines in the figures and this peak shifts ahead to around q 2 = 14.5 GeV 2 when θ K 1 = −45 0 as denoted by the dotted lines in the figures. Similarly, at the value of θ K 1 = −57 0 this peak goes further, therefore our analysis shows that for the observable R K L 1 (1400) , the position of this peak is directly proportional to the value of the mixing angle θ K 1 . Therefore, the measurement of the value of R K L 1 (1400) can be used to study the mixing angle. Similar to the R K T 1 (1270) the value of R K T 1 (1400) is also sensitive to the NP parameters, however, this observable (1400) in the Standard Model, Model-indepenent, leptoquark, heavy and light Z models. The legends are same as in Fig. 1 is more sensitive to the mixing angle θ K 1 as shown in Fig. 4 . 
for unpolarized and polarized K 1 in the model-independent scenarios. The legends are the same as in Fig. 1 As can be seen in Fig. 3 and 4 , the LFU ratios for K 1 (1400) are sensitive to θ K 1 in the NP scenarios under consideration (or the leptoquark and the Z models). To better study the NP effects, one needs other observables that can determine the K 1 mixing angle. As mentioned earlier, the ratio R µ is possible to be such an observable, since it has already been shown to be insensitive to the NP effects from a single NP operator [49] . This character also hold for more complicated NP scenarios as well as the leptoquark and the Z models. In Fig. 5 , we present our results for the unpolarized and the polarized R µ in the model-independent scenario I and II (those for leptoquark and Z models are quite similar as we have explained). These ratios are again insensitive to the NP effects: the curves of the same type with different colors almost overlap with each other. The unpolarized, longitudinal and transverse ratios R µ can be used to determine θ K 1 and thus are complementary to the LFU ratios in testing the NP effects from the leptoquark and the Z models.
Summary and Conclusions
Motivated by the experimental hints of the lepton universality flavour violation in the flavourchanging neutral current B decays, namely the R K ( * ) anomalies, we calculate the values of unpolarized and polarized lepton flavor universality ratios R K 1 (1270,1400) and R K L,T 1 (1270,1400) in the full kinematical range of q 2 . Due to the cancellation of the hadronic uncertainties, these observables are suitable for investigating the NP effects.
In our study, by assuming that the NP only affects the b → sµ + µ − transition but does not the b → se + e − transition, we consider different extensions of the SM, including the modelindependent scenario I and II required by the current b → sµ + µ − measurements, leptoquark models and heavy and light Z models which can also satisfy scenario I and II. We use the recent constraints on the parametric values of the models under consideration to study how the values of the observables, mentioned above, change under the influence of NP. These observables against the square of the momentum transfer, q 2 , are drawn in Fig. 1-4 . Our study shows that this analysis on one side is the complementary check of the R K ( * ) anomalies in that such kind of anomalies could also be seen in R K 1 . On the other hand the observables R K 1 (1270,1400) and R K L,T 1 (1270,1400) are found to be more interesting and sophisticated for the NP due to the involvement of the mixing angle θ K 1 . This analysis shows that in the NP scenarios and NP models under consideration, the results of R K 1 (1270) are quite similar to R K * in the sense that they are lower than 1 in low q 2 region. This feature also hold for the longitudinal R K L (1270) , while in the same region the transverse R K T (1270) are greater than 1, and particularly the ratios in scenario I (which can only be realized in Z models) can reach 1.2 or even higher. All the unpolarized and polarized ratios for K 1 (1270) are shown to be insensitive to K 1 mixing angle θ K 1 and their values in the SM and in different NP scenarios (models) are distinguishable.
In addition, the results of R K 1 (1400) and R K L,T 1 (1400) are more involved because these ratios are sensitive to not only the NP effects but also the K 1 mixing angle. Therefore to better study the NP effects via the R K , one essentially needs more precise value of θ K 1 . The most notable characteristic of LFU ratios for K 1 (1400) is probably that the R K L (1270) can present a peak in medium q 2 region (below the resonances) or high q 2 region, depending on the value of θ K 1 . As a complementary study of the NP, we also perform a study of the ratios R µ , which are found to be insensitive to the NP effects from the NP scenarios (models) under consideration. This ratio can also be used to extract the precise value of the mixing angle θ K 1 . Therefore, if measurable, R µ and R K 1 (1400) can be complementary observables to determine the K 1 mixing angle and to test the leptoquark and Z models.
In summary, the observables considered in the current study is not only important for the complementary check on the recently found R K ( * ) anomalies but also useful to extract the information of the inherent mixing angle θ K 1 . Hence the precise measurements of R K 1 (1270,1400) and R K L,T 1 (1270,1400) as well as R µ in the current and the future colliders will be important for providing with insights of LFUV and as well to examine the leptoquark and Z explanations of the current b → sµ + µ − data.
